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As a probe to determine the pairing symmetry of quasi-two-dimensional anisotropic superconduc-
tors, we propose tunneling spectroscopy in the presence of magnetic field, where the magnetic field
is parallel to the two dimensional planes and rotated. As a case study, we apply this idea to the
models of high-TC cuprates and organic superconductors κ-(ET)2X. The surface density of states
at the Fermi energy exhibits a characteristic oscillation upon rotating the direction of the magnetic
field due to the Doppler shift of the energy of quasiparticles. The surface density of states has a
minimum when the applied magnetic field is parallel to the node direction of the pair potential in-
dependent of the detailed shape of the Fermi surface. The amplitude of the oscillation is sensitively
affected by the shape of Fermi surface.
Nowadays, there are various superconductors in which
the pairing mechanism seems to be unconventional. In
order to clarify the pairing mechanism of these super-
conductors, it is crucial to identify the pairing sym-
metry, which is characterized by the sign change and
the presence of nodes in the pair potential. In or-
der to determine the pairing symmetry, several phase-
sensitive probes have been used1,2,3, among which is
the tunneling spectroscopy, which enables us to detect
the sign change in the pair potential as well as its
nodal structure4,5,8. Namely, a reliable evidence of the
sign change of the pair potential is an observation of
a zero-bias conductance peak (ZBCP)8, which is orig-
inated from Andreev bound states (ABS) formed at
the surfaces or interfaces6,7,8,9. The existence of ZBCP
has been actually observed for several unconventional
superconductors6,7,8,9,10,11,12,13,14,15,16,17,18.
In principle, it is possible to determine the pairing sym-
metry through the tunneling spectroscopy via ABS if one
can make well oriented surfaces or interfaces for arbi-
trary orientations. However, in quasi-two dimensional
(2D) superconductors, it is by no means easy to make
a well oriented surface/interface in the direction perpen-
dicular to the 2D planes. For example, for the high-
TC cuprates, it is predicted theoretically that ZBCP is
observed most prominently for (110) surface/interface,
and is not observed for (100) oriented surface/interface.8
However, in the actual experiments, it is not easy to
prepare well controlled surface/interface, and only few
exceptional cases13,14,15 have succeeded in discriminat-
ing the difference between the tunneling conductance of
(100) and (110) oriented junctions. Moreover, it has been
clarified that atomic-scale roughness has influence on the
tunneling spectroscopy9,19,20,21. Thus, in order to clearly
determine the position of the nodes in the pair potential,
i.e., the symmetry of the pair potential, through tunnel-
ing spectroscopy via ABS, a preparation of well oriented
junctions is necessary.
The situation can even be more severe for quasi-
2D organic superconductors such as κ-(BEDT-TTF)2X
salts31 [abbreviated κ-(ET)2X hereafter], (X =
Cu(NCS)2,Cu[N(CN)2]Br, or I3)
31, which is another can-
didate for anisotropic pairing superconductors. It is even
more difficult to make well oriented junctions compared
to the high-TC cuprates.
For quasi-2D superconductors, it is much more promis-
ing to make films well oriented in the direction parallel to
the planes, but the problem is that in that case, ZBCP
is not obtained in the tunneling spectroscopy due to the
absence of the interference of the sign change of the pair
potential felt by the quasiparticle. Thus, even if there
are nodes in the pair potential, only a V-shaped tun-
neling conductance is expected, and the direction of the
nodes cannot be determined. In order to overcome this
difficulty, we propose in the present study tunneling spec-
troscopy for surfaces parallel to the planes in the presence
of a magnetic field applied parallel to the planes.
In the presence of a magnetic field, it is known that
the energy spectrum of the quasiparticle is influenced
by the Doppler shift9,22. Due to this effect, specific
heat and thermal conductivity show characteristic os-
cillation by rotating the direction of the magnetic field
within the 2D plane reflecting the nodal structure of the
pair potential22,23,24,25. Recently, based on this idea,
pairing symmetry of several unconventional supercon-
ductors have been discussed using thermal conductiv-
ity measurements26,27,28. Although thermal conductiv-
ity and specific heat measurements are powerful ways
to determine the pairing symmetry, these quantities are
strongly influenced by phonons, so that the actual anal-
ysis of the experimental data, namely the subtraction
of the phonon contributions, can be subtle. Thus, it is
desirable to propose a complementary method to deter-
mine the positions of nodes. In this sense, tunneling spec-
troscopy in the presence of a magnetic field, magnetotun-
neling, is a promising method29. In the present paper, we
apply our idea to models of the above mentioned quasi-
2D superconductors, namely the high-TC cuprates and
2κ-(ET)2X .
As regards κ-(ET)2X , the existence of nodes of
the pair potentials has been suggested from vari-
ous experiments36,37,38,39,40,41. However, the posi-
tion of nodes is still a controversial issue. Although
early theories support dx2−y2-wave pairing
33,34,35, recent
experiments28,42 support dxy pairing
30. Stimulated by
these recent experiments, two of the present authors re-
visited this issue theoretically, and found that a dxy-like
pairing can slightly dominate over dx2−y2 pairing when
the dimerization of the BEDT-TTF molecules is not so
strong43. Thus, it is intriguing to clarify what is ex-
pected in the magnetotunneling spectroscopy for each of
the plausible pairing symmetries.
We calculate surface density of states (SDOS) at the
Fermi energy, which corresponds to zero-bias tunneling
conductance in the high barrier limit4. We find that
SDOS oscillates as a function of the direction of the mag-
netic field, and has a broad maximum for the magnetic
field applied in the antinodal direction, and a minimum
for the magnetic field along the node. Although this re-
sult is similar to those obtained in Ref. 22, where the bulk
density of states is considered for free electrons (namely
for a round Fermi surface), it is by no means evident from
the beginning whether similar results can be obtained at
surfaces and for realistic lattice structures and band fill-
ings (namely for realistic shapes of the Fermi surface).
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FIG. 1: (a) Magnetic field H rotated with the angle θ in xy
plane. (b) Square lattice and (c) anisotropic triangular lattice
with next-nearest neighbor hopping t′. Solid lines denote the
Cooper pairs in real space.
A schematic illustration of the models of quasi-2D su-
perconductors and the direction of the magnetic field are
shown in Fig. 1, where magnetic field is rotated within a
xy-plane. Since the magnitude of the penetration depth
is much more larger than that of coherence length in
both superconductors, the vector potential can be ex-
pressed to be A(r) = (Hλez/λ sin θ,−Hλez/λ cos θ, 0),
where θ is the direction of the magnetic field as defined in
Fig. 1. Thus the quasiparticle momenta kx and ky in the
x and y directions can be chosen as k˜x = kx +
H
piξHc
cos θ
and k˜y = ky −
H
piξHc
sin θ, where Hc = φ0/(pi
2ξλ) with
φ0 = h/(2e).
Within the BCS mean-field theory, in terms of the
eigenenergy E and the wave functions uk, vk, the
Bogoliubov-de Gennes equation with the magnetic field
applied parallel to the xy-plane is given by
(
ξk ∆k
∆∗
k
−ξ−k
)(
uk
vk
)
= E
(
uk
vk
)
. (1)
E±k =
1
2
[
(ξk − ξ−k)±
√
(ξk + ξ−k)2 + 4|∆k|2
]
, (2)
|uk|
2 =
1
2
(
1 +
ηk
Γk
)
, |vk|
2 =
1
2
(
1−
ηk
Γk
)
, (3)
with ηk = ξk + ξ−k and Γk =
√
η2
k
+ 4∆2
k
.
In the following, we discuss the k dependence of ξk
and ∆k for the two cases considered. (i) the cuprates:
We adopt the extended t-J model on 2D square lattice,
which is considered to describe the low-energy excita-
tions as a function of doping concentration δ and superex-
change interaction J . The reason why we use this model
is that we can systematically investigate the doping de-
pendence of Fermi surface. Since it is difficult to treat
the constraint in the t-J model, we apply the Gutzwiller
approximation47. In this case, ξk and ∆k in Eq.(1) are
given by
ξk = −2 (teff + Jeffχ)
(
cos k˜xa+ cos k˜ya
)
−4t′eff cos k˜xa cos k˜ya− µ, (4)
and
∆k = 2∆0 (cos kxa− cos kya) . (5)
with teff =
2δ
1+δ t, and Jeff =
3
4
4
(1+δ)2J . Here, the quan-
tities χ, µ, and ∆0 are determined self-consistently for
each doping ratio δ. In the following calculation, we fix
J/t = 0.3 and t′/t = −0.5 [t′/t = 0.5] as a typical values
of hole-doped [electron-doped] cases.
(ii) κ-(ET)2X : Although this material has four
molecules per unit cell (four bands), we may reduce it
to a single band model for the present purpose44,45. The
single band description is not sufficient for determining
which pairing symmetry is more favorable,43 but it suf-
fices for the argument here, where we discuss the tunnel-
ing spectrum for a given pairing symmetry. In the single
band description, the quantity ξk in Eq.(1) is given by
ξk = −2t
(
cos k˜xa+ cos k˜ya
)
−2t′ cos(k˜x + k˜y)a− µ. (6)
3The values of t, t′, and µ are chosen as to repro-
duce the Fermi surface observed by Shubnikov-de Haas
experiments46. As for plausible pairing symmetries in κ-
(ET)2X , we consider the dx2−y2-wave pairing given by
Eq.(5), and a dxy-like pairing given by
∆k = 2∆0 [cos kxa+ cos kya− α cos(kxa+ kya)] , (7)
with α ∼ 0.8. These pairing symmetries have been found
to closely compete with each other in Ref. 43.
In order to compare our theory with scanning tunnel-
ing microscopy (STM) experiments, we assume that the
STM tip is metallic with a constant density of states,
and that the tunneling occurs only for the site nearest
to the tip. This has been shown to be valid through
the study of tunneling conductance of unconventional
superconductors4. The tunneling conductance spectrum
at zero-energy is then given at low temperatures by the
normalized SDOS4,
ρ(θ) =
∫ ∞
−∞
dωρS(ω)sech
2
(
ω
2kBT
)
∫ ∞
−∞
dωρN(ω)sech
2
(
ω − t
2kBT
) , (8)
ρS(ω) =
1
2
∑
k
{
|uk|
2 [δ(ω − Ek) + δ(ω − E−k)]
+|vk|
2 [δ(ω + Ek) + δ(ω + E−k)]
}
. (9)
Here ρS(ω) denotes the SDOS for the superconducting
state while ρN(ω) the bulk density of states in the normal
state.
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FIG. 2: The angle variation of SDOS for the model of
cuprates in H = 0.5Hc. (a) t
′/t = −0.5 and (b) 0.5.
First, we look into the case of the cuprates. ρ(θ) is
plotted in Fig. 2 for various δ. In the overdoped regime,
SDOS exhibits clear fourfold oscillations, which has a
maximum for the magnetic field applied in the antinodal
direction, and a minimum for the magnetic field along
the nodes. Thus, through the analysis of the position of
maxima and minima of ρ(θ), we can identify the nodal
and antinodal directions. With the increase of δ, the
magnitude of the difference between the maximum and
minimum is enhanced. In the underdoped region, the
FIG. 3: The Fermi surface and d-wave pairings. Dots lines
represent the nodal lines. (a) a model of cuprates with a
dx2−y2 -wave: left and right panels are plotted for t
′/t = −0.5
and 0.5, respectively. (b) a model of κ-(ET)2X for dx2−y2 -
wave (left) and dxy-like (right).
difference of the magnitude between maximum and min-
imum is reduced reflecting on the square shape of Fermi
surface (see Fig. 2). We now move on to the case of
κ-(ET)2X . For both of dx2−y2 and dxy-like cases, ρ(θ)
exhibits a characteristic oscillation reflecting the nodal
structure and the twofold symmetry of the Fermi surface.
For dx2−y2-wave pairing, ρ(θ) has local minimum [max-
imum] around (2n + 1)pi/4 [npi/2] with integer n, while
for dxy-wave pairing, ρ(θ) has local minimum [maximum]
around npi/2 [(2n+ 1)pi/4]. As seen from this result, we
can discriminate dx2−y2 -wave from dxy.
To summarize, we have proposed tunneling spec-
troscopy in the presence of a magnetic field, magnetotun-
neling, for quasi-2D anisotropic superconductors, where
the magnetic field is rotated within the 2D plane. SDOS
at the Fermi energy, ρ(θ), exhibits a characteristic oscil-
lation upon rotating the direction of the magnetic field.
As case studies, we have applied this idea to the high TC
cuprates and κ-(ET)2X salts. ρ(θ) is found to take its
(local) minimum value when the applied magnetic field is
parallel to the nodal direction of the pair potential inde-
pendent of the detailed shape of the Fermi surface. The
origin of the oscillation ρ(θ) is considered to be essen-
tially the same as that given in Ref. 22, but we stress
that it is not expected from the beginning that the phase
of the oscillation is the same as that in Ref. 22 for ar-
bitrary doping concentrations and/or for various lattice
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FIG. 4: The angle variation of SDOS for a model of κ-
(ET)2X.
structures. In fact, we have seen that in the under-
doped regime of the cuprates, the oscillation, although it
still has the same phase as that in Ref. 22, becomes ex-
tremely weak reflecting the characteristic band structure
near half-filling. Although only two kinds of quasi-2D
superconductors are studied here, the proposed magne-
totunneling spectroscopy should serve as a strong probe
to identify the pairing symmetry for various unconven-
tional superconductors.
Y.T acknowledges a financial support of Japan Society
for the Promotion of Science for Young Scientists. This
work was in part supported by the Core Research for Evo-
lutional Science and Technology (CREST) of the Japan
Science and Technology Corporation. The computations
were performed at the Supercomputer Center of Yukawa
Institute for Theoretical Physics, Kyoto University.
1 M. Sigrist and T.M. Rice, Rev. Mod. Phys. 67, 505 (1995).
2 D.J. Van Harlingen, Rev. Mod. Phys. 67, 515 (1995).
3 C.C. Tsuei and J.R. Kirtley, Rev. Mod. Phys. 72, 969
(2001).
4 S. Kashiwaya and Y. Tanaka, Rep. Prog. Phys. 63, 1641
(2000), and references therein.
5 T. Lo¨fwander, V.S. Shumeiko, and G. Wendin, Supercond.
Sci. Technol. 14, R53 (2001).
6 L.J. Buchholtz and G. Zwicknagl, Phys. Rev. B 23, 5788
(1981).
7 C.R. Hu, Phys. Rev. Lett. 72, 1526 (1994).
8 Y. Tanaka and S. Kashiwaya, Phys. Rev. Lett. 74, 3451
(1995).
9 M. Fogelstro¨m, D. Rainer, and J.A. Sauls, Phys. Rev. Lett.
79, 281 (1997).
10 J. Geerk, X.X. Xi, and G. Linker, Z. Phys. B. 73, 329
(1988).
11 L. Alff et al., Phys. Rev. B 55, (1997) R14757.
12 M. Covington et al., Phys. Rev. Lett. 79, 277 (1997).
13 J.Y.T. Wei et al., Phys. Rev. Lett. 81, 2542 (1998).
14 W. Wang et al., Phys. Rev. B 60 (1999) 4272.
15 I. Iguchi et al. Phys. Rev. B 62 (2000) R6131.
16 F. Laube et al. Phys. Rev. Lett. 84, 1595 (2000).
17 Z.Q. Mao et al. Phys. Rev. Lett. 87, 037003 (2001).
18 Ch. Wa¨lti et al. Phys. Rev. Lett. 84, 5616 (2000).
19 Y. Tanuma et al., Phys. Rev. B 57, 7997 (1998).
20 Y. Tanuma et al., Phys. Rev. B 60, 9817 (1999).
21 K.V. Samokhin and M.B. Walker, Phys. Rev. B 64, 172506
(2001).
22 I. Vekhter et al. Phys. Rev. B 59, R9023 (1999).
23 K. Maki, G.L. Yang, and H. Won, Physica C 341-348,
1647 (2000), H. Won and K. Maki, cond-mat/0004105.
24 F. Yu et al. Phys. Rev. Lett. 74, 5136 (1995), ibid., 75,
3028 (1995).
25 H. Aubin et al. Phys. Rev. Lett. 78, 2624 (1997).
26 K. Izawa et al. Phys. Rev. Lett. 86, 2653 (2001).
27 K. Izawa et al. Phys. Rev. Lett. 87, 057002 (2001).
28 K. Izawa et al. Phys. Rev. Lett. 88, 027002 (2002).
29 Magnetotunneling in the presence of a magnetic field per-
pendicular to the planes have been studied in Y. Tanuma
et al. cond-mat/0204409 (2002), and Y. Tanaka et al. to
be published in J. Phys. Soc. Jpn. (2002).
30 Throughout this paper, we refer to the pairing symmetry
of κ-(ET)2X using the single band description as opposed
to Ref. 43. See Fig. 3(b).
31 T. Ishiguro, K. Yamaji, and G. Saito, Organic Supercon-
ductors, 2nd ed. (Springer-Verlag, Heidelberg, 1998).
32 R.H. McKenzie, Science 278, 820 (1997).
33 J. Schmalian, Phys. Rev. Lett. 81, 4232 (1998).
34 H. Kino and H. Kontani, J. Phys. Soc. Jpn. 67, 3691
(1998); H. Kondo and T. Moriya, ibid., 3695 (1998).
35 K. Kuroki and H. Aoki, Phys. Rev. B 60, 3060 (1999).
36 H. Mayaffre et al., Phys. Rev. Lett. 75, 4122 (1995).
37 S.M. De Soto et al., Phys. Rev. B 52, 10364 (1995).
38 K. Kanoda et al., Phys. Rev. B 54, 76 (1996).
39 Y. Nakazawa and K. Kanoda, Phys. Rev. B 55, R8670
(1997).
40 A. Carrington et al., Phys. Rev. Lett. 83, 4172 (1999).
41 M. Pinteric´ et al., Phys. Rev. B 61, 7033 (2000).
42 T. Arai et al., Phys. Rev. B 63, 104518 (2001).
43 K. Kuroki et al., Phys. Rev. B 65, 100516(R) (2002).
44 M. Tamura et. al., J. Phys. Soc. Jpn. 60, 3861 (1991).
45 H. Kino and H. Fukuyama, J. Phys. Soc. Jpn. 65, 2158
(1996).
46 K. Oshima et. al., Phys. Rev. B 38, R938 (1988).
47 F.C. Zhang, C. Gross, T.M. Rice, and H. Shiba, Super-
cond. Sci. Technol. 1, 36 (1988).
